Tiller weight was defined from plants collected within 20 quadrats/site. Protein content, in vitro dry-matter digestibility (IVDMD), hemicellulose, total cell wag, acid detergent fiber (ADP), lignin, ash, total chlorophyll, and nonstructural carbohydrates (TNC) were determined on plant materials representing the dominant growth stages. Relationships among traits of the 3 species were determined by Spearman's rank correlation, and among linear combinations of sets of chemical and physical traits by canonical correlation analysis. Tiller length, weight, and growth stage were positively correlated (P < 0.05) and increased with length of growing season. Crude protein, digestibility, hemicellulose and chlorophyll were positively correlated and declined, but negatively correlated with lignin and ash. Significant (P < 0.05) correlations between the fust canonical variates indicated a strong relationship between tiger maturity/architectural development (Physical canonical variate) and forage quality (chemical canonical variate) was present, and large portions of variance in the original variables was defmed. Results of this study defined large-scale multidimensional relationships between declining forage quality and increasing tiller maturity/architectural development, previously noted in many univariate analyses of limited sets of characteristics.
involved within these processes are highly related. Tiller morphology impacts plant development, which in turn affects forage quality (Murphy and Briske 1992) . Generally, as plants mature, quality variables decline and cell wall fractions increase as plants become taller and structurally complex (Coleman 1992) . Forage quality has often been defined by digestibility, protein, cell soluble content, or lack of anti-quality compounds (Van Soest 1982) . It is largely dependent on the chemical composition of plant material, which is partially digestible cell wall (mostly cellulose, hemicellulose and lignin) and rapidly digested cell contents (Albersheim 1975 , Van Soest 1982 . The anti-quality compounds lignin and phenolic acid play important roles in determining forage quality (Akin 1989) . Leakstem ratios usually decline as plants mature during the growing season, resulting in shifts in forage quality as lignin content in developing stems increases, and protein content and digestibility decline (Coleman 1992 , Van Soest 1982 .
Many physical and chemical characteristics of important Sandhills grasses have been intensively studied. Analyses of forage quality, cell wall fractions, and physiological activity have been conducted (Hoehne 1966 , Burzlaff 1971 , Brejda et al. 1989 , Hendrickson 1992 . However, these studies have been restricted to small subsets of variables and have not considered the relatedness among plant characteristics, or how such relations would impact their results. It must be remembered that forage quality and tiller development are multi-dimensional by nature, and cannot be easily defined with a small set of variables (Coleman 1992, Murphy and Briske 1992) . Examining multi-dimensional relationships between composite indices of tiller growth processes, derived from an array of characteristics, would help in understanding the dynamics of physiological development in tillers. The objectives of this study were to: 1) define relationships among a set of tiller characteristics for 3 co-dominant warm-season grasses of Sandhills rangeland, and 2) examine relationships between combinations of variables that define large-scale indices of physiological activity and morphological development in tillers of these important forage species.
Materials and Methods

Site Description
Experiments were conducted within the overall range research project at the Gudmundsen Sandhills Laboratory near Whitman, Nebr. The study area was located along a large stable dune, designated as a composite of range sites including choppy sandhills and rolling sands (Burzlaff 1962) . Soils were Valentine fine sands (mixed, mesic Ustipsamments) with high permeability, and low water holding capacity and fertility. All sites were in excellent condition in 1988, with an average condition score of 92 (Table  1) . Long-term average annual precipitation was 532 mm. The plant community was classified as tallgrass prairie, and dominated by a mixture of 16 warm-season grasses, in combination with 9 cool-season grasses and grass-like species, 51 species of forbs, and 3 species of shrubs (Northup et al. 1994 , Weaver 1965 .
Species of interest were the rhizomatous grasses sand bluestem (Andropogon hallii Hack.) and prairie sandreed [ Calamovilfa longifolia (Hook.) Scribn.], and the bunchgrass little bluestem [Andropogon scoparius (Michx. Nash]. These 3 species constituted 5065% of total forage, and 67% and 32% of plant basal area and species composition, respectively (Table 1) . Experimental Design Data were collected from 3 different sites, based on topography and relief, during the 1990 and 1991 growing seasons to encompass variation in plant characteristics. Sites were; 1) choppy sandhills, 2) rolling sands, and 3) transitional zones between choppy sandhiIls and rolling sands. Data related to physical and chemical characteristics of tillers were collected within short time periods during mid-June, July, August, and October each year of the study.
Data Collection
1. Physical Characteristics. Thirty tillers of each species were randomly located along each of two, 50-m transects per site (n = 60 tillers/species/site). Length of tillers were measured to the nearest 1 mm. Degree of erectness of tillers were assigned to a 4-point scale of 1 (fully erect) to 4 (fully prostrate), based on the angle of materials within a 90 degree arc (1 = 90-6 1 O, 2 = 60"-41", 3 = 40-21", 4 = 20-O"). Growth stage was defined by the Nebraska system of growth staging, with stage of maturity determined by existing vegetative leaves, transitional nodes, or reproductive structures, and reported as mean stage by count (Moore et al. 1991) . Mean weight per tiller was determined by collection of plant materials and tiller counts within twenty, 0.25 m* quadrats randomly located along 25 m transects within sites.
II. Chemical Characteristics.
Plant materials of each species were collected by the predominant stages of growth present at time of data collection from twenty, 0.25 m2 quadrats randomly located along two, 25 m transects per site. Collected herbage was dried at 60" C for 48 hours, ground to pass a 1 mm sieve, and composited by species.
In vitro dry-matter digestibility (IVDMD) was determined by 48 hour fermentation, followed by 24-hour incubation with 0.5 ml of pepsin solution (0.2 g pepsin/l ml water) and concentrated HCL (Marten and Barnes 1979) . Percent crude protein (N X 6.25) was calculated from the amount of nitrogen in samples as determined by micro-Kjeldahl techniques (Bremner 1965) . Cell wall fractions were described by detergent fiber analysis (Goering and Van Soest 1970) . Neutral detergent fiber (NDF) was assayed to define the amount of total cell wall present in forages. Acid detergent fiber (ADF) was determined, and residues were used in analyses for acid detergent lignin content (Goering and Van Soest 1970) . Hemicellulose was calculated as the difference between NDF and ADF. Samples were analyzed in duplicate for all characteristics.
Chlorophyll content and total nonstructural carbohydrates (TNC) were determined on plant tissues collected from randomly located 0.25 m2 quadrats within experimental areas. Materials were collected from quadrats until 8 sub-samples/species (1 subsample/quadrat) were obtained per site, and stored on ice during collection and transport. Collected materials were composited by species and frozen until analyzed. At the time of analyses, materials were divided into 2 portions. One portion was dried at 60" C to a consistent weight, ground to pass a 1 mm screen, and analyzed for TNC in duplicate by extraction in 0.2N H2S04, and determination on a glucose equivalent basis by iodometric titration (AOAC 1965 , Smith et al. 1964 . Leaf materials of the second portion were chopped into 3 mm sized pieces and chlorophyll extracted (in triplicate) in dimethyl sulfoxide in a 65" C water bath. Extracts were separated, diluted serially, and analyzed by spectrophotometer (Hiscox and Israelstam 1979) . Absorbance readings were applied to modified simultaneous equations of Amon (1949) and chlorophyll content determined (Porra et al. 1989 ).
Statistical Analysis
Log (Y+l) transformations were applied to all variables, and transformed values were standardized by unit variance (Ludwig and Reynolds 1988) . Relationships among the different forage characteristics of the 3 species were examined by Spearman's rank-order correlations applied to log transformations (SAS 1986) . Relationships between groups of variables defining physical and chemical characteristics of tillers were analyzed by canonical correlations applied to standardized values (NCSS 1990 , SAS 1986 . Canonical correlation analysis is the multivariate extension of correlation analysis, and can be used to simultaneously analyze mixtures of variables defining different processes (Bidwell and Engle 1992) . This procedure uses linear canonical equations with multiple dependent and independent variables comprised of weighted averages. Canonical correlations 354 
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OF RANGE MANAGEMENT 51(3),Mayfind a linear combination from each set of variables such that correlations between each set is maximized, then defines additional sets of canonical variables, uncorrelated with the first pair, that produce the next highest correlation coefficient(s). The process continues until the number of canonical correlations equals the number of variables in the smallest group (Johnson and Wichern 1988) . Only the results of the first canonical correlations were presented, since additional canonical correlations added little to interpretations. Correlations between canonical and original variables, and plots of the first canonical correlations between the fmt pair of canonical variates were included to aid in interpretion. Level of significance was set at o! = 0.05 for all statistical tests.
Results and Discussion
Physical and Chemical Characteristics. Growth stage of all 3 species increased with length of growing season, as did tiller length and weight ( Table 2 ). The largest increases were noted late in the growing season, when plants were undergoing most of the stem elongation and development of reproductive structures. Sand bluestem and little bluestem tillers both grew at steady rates during the growing season, as compared to prairie sandreed plants which developed rapidly during the early growing season and levelled off as the dormant season approached (Table 2) . Increases in growth stage of sand bluestem and prairie sandreed during the growing season were similar to results of another study conducted on similar sites, during the same years (Hendrickson 1992) . Prairie sandreed and little bluestem tillers tended to be more erect than sand bluestem later in the growing season.
Growing season impacted most of the physical attributes through its effects on plant maturation processes common to all 3 species (Dahl and Hyder 1977) . Tiller initiation and growth are qualitatively similar within the members of Poaceae, being controlled and localized in meristematic tissues (Murphy and Briske 1992) . Increases in tiller erectness were related to the elevation of the meristematic tissues in the growing points, and the development of stems (Brejda et al. 1989) .
Environmental variables an impact on tiller development. Radiation, temperature, photoperiod, water availability, and mineral nutrition all impact tillering, either singly or in combination (Murphy and Briske 1992) . The effects of precipitation on tiller development in this study were important. Precipitation received in 1991 generally exceeded the long-term average, while 1990 approximated the long-term average (Table 3) . Most of the annual precipitation was received during the growing season (April-September), with lesser amounts received during the remainder of the year. Timing and amount of rainfaR would impact level of growth tillers attained during the growing seasons. Soil moisture was adequate for the initiation of growth in the spring, and amounts received during the different parts of the growing season (April-June and July-September) would have allowed plants to attain average levels of development. Maximum tiller growth and development also occurred during maximum inputs (July and August) of solar radiation (Tieszen 1970) .
Crude protein, IVDMD, hemicellulose, and chlorophyll all declined with the advance of growing season, while lignin and ash increased (Table 2) . Total cell wall and TNC did not display marked changes over the course of the growing season. Results of laboratory analyses were similar to those of earlier studies at other Sandhills sites (Burzlaff 1971 , Hoehne 1966 . Total cell wall (NDF) was generally higher than values reported in earlier studies, though within the realm of values possible in previous studies; the increase was likely related to climate and precipitation. Changes in chlorophyll content during the growing season have not been reported'for these 3 species. Only point data during the growing season exists, generally the peak period of photosynthetic activity (Tieszen 1970) . Differences in chemical characteristics during grazing treatments were due to the same factors that affected physical characteristics-advancing plant maturity and environmental factors.
Correlation Analysis. Growth stage of sand bluestem was positively correlated (P < 0.05) to tiller length, weight, lignin, ADF, (4) 38 (5) 40 (4) 48 (4) 50 (5) 58 (4) 18 (1) 20 (1) 23 ( (2) 7.6 (0.6) 6.9 (0.8) 5.4 (0.4) 9.6 (0.4) 7.3 (0.7) 6.9 (0.6) 3.9 (0.7) 9.8 (0.4) 8.1 (0.8) 6.9 (0.9) 3.6 (0.6) Cell Wall, %' @Cl)
64 (2) 58 (1) 50 (2) 52 (4) 44 (3) 39 (2) 37 (2) 62 (2) 53 (3) 46 (4) 32 (3) 64 (1) 64 (1) 66 (1) 71m 71 (1) 70(l) 70 (1) 68 (2) 68 (1) 69 (1) 68 (1) Hemicellulose, % 24 (2) ADF, 96' 40 (2) 25 (1) 24 (i) 21 (1) 28 (1) 27 (1) 26 (I) 23 (1) 30 (1) 29 (2) 28 (1) 23 (1) 40 (2) 40 (1) 45 (1) 43 (1) (Moore et al. 1991) .
Total cell wall as defined by neutral detergent fiber. fn vitro dry-matter digestibility. 'Acid detergent fiber. %Otd nonstructural carbohydrates.
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OF RANGE MANAGEMENT 51(3),May and cell wall, and negatively to crude protein, IVDMD, hemicellulose, and chlorophyll (Table 4) . Correlations between tiller length and weight, and the remaining chemical variables were correlated in a similar fashion. Tiller erectness and TNC were not correlated to any other characteristic. Ash content was positively correlated (P < 0.05) to all cell wall fractions except hemicellulose. Crude protein, IVDMD, and chlorophyll were positively correlated, and negatively correlated to all cell wall fractions except hemicellulose. Total cell wall, ADF, and lignin were positively correlated (Table 4) . Similar correlations between chemical and physical variables were noted in prairie sandreed and little bluestem (Tables 5, 6 ). Erectness of prairie sandreed was negatively correlated to growth stage and lignin, while TNC and tiller length were positively correlated (Table 5 ). Ash content in prairie sandreed was negatively correlated with protein, IVDMD, hemicellulose, and chlorophyll, but positively correlated to growth stage, tiller weight, and lignin. Tiller erectness and the remaining physical characteristics of little bluestem were negatively correlated, while crude protein, IVDMD, hemicellulose, and chlorophyll were positively correlated (Table 6 ). Ash content in little bluestem was negatively correlated to crude protein, IVDMD, hemicellulose, and chlorophyll. Growth stage, tiller length, tiller weight, and lignin were positively correlated.
The significance and signs of the correlations between physical characteristics, and those chemical characteristics defining cell wall fractions and forage palatability, indicated that definable large-scale relationships existed. Similar results have been noted in a correlation analysis applied to quality traits in smooth bromegrass (Bromus inermis L.) paddocks (Jung et al. 1989 ). These relationships were apparently related to common elements of plant morphology and physiology in grasses (Dahl and Hyder 1977) .
Canonical
Correlations.
Robust relationships were noted between physical characteristics of tillers and chemical traits of forages for all 3 species. Acid detergent fiber (ADF) was excluded due to linear dependencies with hemicellulose and lignin, since both were determined from ADF residues (Johnson and Wichem 1988) . Canonical coefficients for physical characteristics were of similar size across species, as were signs of coefficients, except tiller weight and erectness of sand bluestem and tiller length of little bluestem (Table 7) . The canonical coefficients for chemical characteristics exhibited less similarity in relative size and signs of coefficients across species (Table 7 ). The size of coefficients for IVDMD, hemicellulose, and chlorophyll were different, while total cell wall was similar. Signs of coefficients for crude protein, hemicellulose, lignin, TNC and chlorophyll were variable across species.
Some of the variation noted in size and sign of canonical coefficients for physical and chemical characteristics can be related to fundamental differences in plant physiology, growth form, and tiller morphology. Similarities in coefficients were indicative of common processes involved in tiller morphology and growth. Phytomers, the basic structural unit of a tiller, develop sequentially from an apical meristem, with axillary buds (rudimentary apical meristems) differentiated as components of each phytomer (Murphy and Briske 1992) . Differences in coefficients were probably related to growth form. Little bluestem is a bunchgrass, as compared to the other 2 clonal species, and had higher levels of chlorophyll in its leaves, possibly a compensatory mechanism due to intra-tiller shading within bunches. Growth stages attained by little bluestem were more advanced during the later treatments, due to some level of synchronization of tiller development within bunches (Northup 1993) . Tillers of prairie sandreed exhibited elements of both a cool-and warm-season grass. Initial tiller growth occurred earlier in the growing season than the bluestems, and plants continued to be photosynthetically active well into the dormant season. Prairie sandreed tillers initiated growth in lateApril and May, and elevated growing points beginning in lateMay (Brejda et al. 1989) . Conversely, sand bluestem emerged in early-June and had fewer elongated tillers during the growing season (Hendrickson 1992) . Tillers of the 2 bluestems had largely senesced by October, though the basal portions of some little bluestem plants within tussocks were still photosynthetically active. Some prairie sandreed tillers can be biennial, emerging in the late growing season of 1 year, over-wintering, and resuming growth from the same shoot apex the next year (Brejda et al. 1989) . Some of the variation in coefficients for chemical characteristics was likely related to differences in cell wall structure and biochemical activity, resulting in different levels of cell wall constituents (Albersheim 1975) . Prairie sandreed produces wiry and tough forage, with higher levels of cell wall and lower digestibility regardless of time of year, resulting in a lower value for forage quality (Burzlaff 1971) . The first canonical correlation indicated that the first 2 sets of canonical variates were highly correlated. Significant relationships were noted between composite indices of physical characteristics of tillers and chemical traits of forage, as described by the canonical correlation and Wilk's lambda (Table 7) . Large amounts of variance present in the original sets of physical and chemical characteristics were defined by the first pair of canonical variates. The physical canonical variate described > 50% of the total variance for all 3 species, and was particularly efficient for little bluestem (Table 7) . The chemical canonical variate also defined > 50% of the total variance present in the original set of variables for prairie sandreed and little bluestem, and 44% of the variance in sand bluestem. The remaining pairs of canonical variates added little to the analysis of all 3 species. Lower levels of (Moore et al. 1991) .
Total cell wall as defined by neutral detergent fiber, 41n vitro dry-matter digestibility. 'Acid detergent fiber. 'total nons!mctural carbohydrates.
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variance defined in the physical characteristics for sand bluestem and prairie sandreed, and chemical characteristics of sand bluestem, were apparently related to their clonal growth form. Both species produced large numbers of growth stages late in the growing season, resulting in a population of tillers with a wide range of both quality and physical size and age. The populations of tillers of sand bluestem and prairie sandreed contained 23 different stages of phenological development by the August collections (Hendrickson 1992 , Northup 1993 .
Correlations between the first pair of canonical variates and the original set of variables indicated that definable relationships between groups of related characteristics could be developed. Canonical variates were interpreted as composite indices of maturity and architectural development of tillers (physical canonical variate), and quality of plant materials (chemical variate) comprising tillers (Table 8 ). The chemical variate was a combination of relationships involving both positive and negative effects on quality. It was positively correlated with the high palatability factors crude protein, IVDMD, chlorophyll, and hemicellulose, and negatively correlated with lignin, an indicator of anti-quality. As such, the important driving factors in the chemical variate was an increase in anti-quality coupled with a corresponding decrease in palatability with advance of the growing season. The impacts of lignin as an anti-quality factor in forages has been well documented (Akin 1989) . The relationship between the chemical variables and the forage quality variate emphasizes the multi-dimensional nature and relatedness between both palatability and antiquality characteristics that are involved in describing forage quality (Coleman 1992) . The "tiller maturity" variate exhibited positive correlations with growth stage, tiller length, and weight (Table 8) . Tillers tended to be larger and more phenologically advanced later in the growing season, when mean tiller maturity was greater and plants were structurally more complex. Some cohorts of tillers in the late growing season were comprised of old and new leaves, elongated and elongating stems, and reproductive structures (Hendrickson 1992) .
Plots for all 3 species indicated the existence of close relationships between tiller development and forage quality (Fig. 1) . Distributions of observations accentuated relationships among characteristics comprising the canonical variates, and between canonical variates. Observations in the lower part of both axes (< 0) were predominately vegetative or early elongation stages of development, with corresponding high digestibilities and crude protein. Observations later in the growing season were located in the upper parts of both axes and corresponded to older, structurally complex tillers with high lignin contents and low digestibility and crude protein.
Data generated during this study encompassed levels of variation present in both advance of the growing season, and the effects of precipitation on tiller maturity (Fig. 1) species attained higher stages of development in 1991, with observations higher on the maturity axis, particularly in the later parts of the growing season. Variation in forage quality was also noted, and mostly related to the progressive increase in variability during the growing season ( Fig. la-c) . Part of the variation noted during July through October can be attributed to the clonal, indeterminate growth form of all 3 species; diverse populations of tillers were present, containing many phenological stages of development. Greater numbers of older plants of higher structural complexity, and lower overall forage quality, were present. Similar responses have been noted in univariate studies. Cell wall content increased and IVDMD and protein content declined with increases in phenology in temperate grasses and legumes (Sanderson and Wedin 1989) . Similar responses have been noted in other studies on the effects of advancing growth stage and growing season on forage quality of important Sandhills grasses (Bmzlaff 197 1, Hendrickson 1992 ). Forage quality within plant canopies also varies with development. Herbage in the upper portions of the warm-season grass Hemarthia altissima (Poir.) Stapf. et C.E. Hubb. had greater leaf bulk density, IVDMD @-lo%), and protein content (Z-100%) as compared to foliage in the lower parts of the canopy (Holderbaum et al. 1992) . Such spatial distributions in forage quality within plants is an important factor in the decline of forage palatability with plant maturation (Coleman 1992) .
Conclusions
Results of this study support the existence of a general relationship between composite indices of forage quality and tiller maturation, which incorporated groups of related variables. Robust relationships were noted among suites of physical and chemical characteristics. Most of the relationships were driven by changes occurring in tillers as growing degree days accumulated with the (Fig. 2) . Generally, as growing degree days increased, tillers attained more advanced growth stages and were taller and heavier. Plants also became more structurally complex, with a wider array of parts (leaves, nodes, internodes, flowering structures) within their canopies, and number of components per plant part. A corresponding increase in anti-quality compounds in cell walls also occurred, accompanied by a decline in palatability factors (Fig. 2) . The relationships among characteristics describing forage quality underscore the importance of considering how suites of related variables interact when describing the palatability and value of herbage to grazers. Such findings also underscore the importance of selective grazing to large herbivores. Native forage species represent a dynamic food base from which ungulates must consume a diet, and present a resource of spatially and temporally variable quality to grazers (Stuth 1991) .
Results of this analysis can be applied to practical management problems. The linear combination of physical characteristic cocfficients can be used to generate a "maturity-structure" score that is correlated to a given "quality" index. This forage quality score could then be found within a table containing ranges of crude protein, digestibilities, and cell wall fractions for given scores. If a random sample of tillers (with adequate sample size) were measured, an estimate of the quality of available forage for the 3 dominant warm-season grasses of Sandhills rangeland could he ascertained on similar sites.
One area of future interest for studies utilizing multi-dimensional analyses would be the inclusion of numbers of growth stages and new vegetative tillers produced during the growing season to the physical characteristics. An alternative approach to this study would be the combination of climatic factors, chemical and phyiscal variables of tillers into a dataset to examine relationships between composite indices of growing conditions, forage quality, and tiller development.
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